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Introduction
Direct methanol fuel cells (DMFCs) have received much attention due to their promising use as low temperature power sources [1, 2] . A major challenge for the successful implementation of DMFCs is the improvement of the Pt based anode catalysts towards the CH 3 OH oxidation reaction. It is well known that the addition of Ru to Pt based catalysts lowers the overpotential for the methanol oxidation reaction significantly through a so called bifunctional mechanism [3, 4] that can be summarized as follows:
PtCO ads þ RuðOHÞ ads ! CO 2 
The presence of oxide free Pt is essential for the hydrogen abstraction reaction from CH 3 OH (Reaction 1). The formation of the adsorbed OH species (Reaction 2) is believed to be a critical step in the CH 3 OH oxidation reaction to CO 2 . This reaction takes place at low potentials for the case of Ru, and, in fact, until now PtRu catalysts have shown the most promising performance as anode catalyst for DMFCs.
Numerous attempts have been made to further improve the performance of the Pt based anode catalysts for the CH 3 OH oxidation reaction using a large range of two and multi-component Pt systems such as PtSn, PtRuOsIr, PtWO x etc. [5] [6] [7] . The addition of WO x has attracted some attention, and improved methanol oxidation activities of WO x containing Pt based catalyst systems have been reported [7] [8] [9] . Shen et al. tested high surface area PtWO x anodes, made using an electrodeposition route, for the CH 3 OH oxidation reaction [7] . They obtained reasonably high CH 3 OH oxidation currents per geometrical anode area, however, the actual turnover number for the CH 3 OH oxidation reaction per Pt site turned out to be small [10] . Shukla et al. prepared high surface area carbon supported PtWO x catalysts via a chemical reduction route and reported superior methanol oxidation activities per mass of Pt for PtWO x as compared to WO x free Pt catalysts [8] . Somewhat higher CH 3 OH oxidation activities per total carbon supported catalyst weight for PtRuWO x as opposed to PtRu catalysts were reported by Goetz and Wendt who tested the catalysts under real fuel cell operating conditions [9] . In the majority of these studies, CH 3 OH oxidation activities for different catalysts were compared per weight of catalyst. Therefore, it appears necessary to establish whether the reported improved activities for the WO x containing CH 3 OH oxidation catalysts are due to true catalytic properties such as a bifunctional mechanism and/or whether the addition of WO x modifies 'physical' catalyst particle properties such as particle size, surface area and surface concentrations of the actual catalyst components.
In this work carbon supported Pt based catalysts containing WO x and/or Ru have been prepared by chemical reduction of the corresponding precursor salts. All catalysts were characterized using X-ray diffraction (XRD), X-ray photon spectroscopy (XPS) and transmission electron microscopy (TEM). Slow sweep CO stripping voltammetry was also employed as an in situ probe to test the ability of the catalysts to oxidize adsorbed CO as well as a measurement of the electroactive surface area of the noble metal catalyst components. The activities of the catalysts for the CH 3 OH oxidation reaction were determined at 60°C employing slow sweep cyclic voltammetry (CV) as well as the more fuel-cell relevant potential time transients obtained galvanostatically. The CH 3 OH oxidation activities for the different catalysts were compared using the more relevant CH 3 OH oxidation currents normalized by the Pt + Ru mass as well as comparing true catalytic activities, that is, CH 3 OH oxidation currents normalized by the total noble metal surface area.
Experimental details

Catalyst preparation
The carbon black supported Pt based catalysts were prepared using a chemical reduction method involving NaBH 4 (99% purity, Aldrich), as described by Shukla et al. [8] . 10 ml of the following single metal salt precursor solutions were prepared: (i) Pt/C catalyst: 0. A particular precursor salt solution was slowly added to a8 0°C suspension of 0.5 g carbon black (acetylene black, >99.9% purity, Alfa Aesar) in 20 ml H 2 O. The mixture was stirred at 80°C in a tall, open beaker for 1 h and subsequently heated in an air oven at 100°C for 4 h, resulting in a dry and precursor salt impregnated form of the carbon powder. After cooling, the impregnated carbon powder was ground using a mortar and was transferred quantitatively to a three way round bottom flask and 20 ml of H 2 O was added. The pH of the formed suspension was adjusted to 1 using H 2 SO 4 . 10 ml of 0.2 M NaBH 4 were dropwise added at 80°C and the suspension was subsequently refluxed at 80°C for 24 h. After cooling, the suspension was filtered, washed with H 2 O and dried in an oven at 80°C. UV/ VIS spectra of the washing solutions were obtained to estimate the possible loss of catalyst components. UV/ VIS calibration curves for a particular catalyst component were obtained using solutions made of the corresponding precursor salts.
This catalyst preparation procedure and amounts of precursor salts used here are equivalent to the following theoretical atomic ratios: PtWO x /C catalyst: 1:0.3 Pt:W; PtRu/C catalyst: 1:1 Pt:Ru and PtRuWO x /C catalyst: 1:1:0.3 Pt:Ru:WO x and resulted in Pt and Ru loadings of 32 and 16 wt % per carbon, respectively. Furthermore, the RuCl 3 was dried at 130°C prior to its use for the precursor salt solutions.
Techniques and instrumentations
XPS spectra were obtained using a Kratos Axis Ultra spectrometer equipped with a monochromatized AlK a source. The catalyst powders were attached to sticky Cu tape (3M cupper tape, Soquelec, Montreal) for the XPS analyses. Deconvolutions of the XPS spectra were performed using a Grams_32 Spectral Note base software program. A Philips CM 20 TEM was also employed. For the TEM analyses, the carbon supported catalyst powders were ultrasonically suspended in H 2 O and a small amount of the catalyst powder suspension was applied to a carbon film on 300 mesh Cu grid (Marivac). A Scintag XDS2000 system was employed using a CuK a source to obtain XRD spectra of the carbon supported catalysts. The scanning angle extended from 20°to 80°with a scanning rate of 0.04°, accumulating data for 10 seconds per step. Silicon powder (typically 1 to 20 lm, 99.9985% purity, Alfa Aesar), that was homogeneously grounded with the carbon supported catalysts, was used as an internal standard. The software program Topas 2 (DIF-FRAC PLUS Topas, Bruker axs) was employed to extract lattice parameter constants from the experimental XRD spectra. The entire XRD spectra (20°to 80°) were employed to analyse the data. The XRD, XPS and TEM characterizations were carried out on the unused, as-prepared, catalyst powders. All electrochemical experiments were carried out using an EG&G 263 potentiostat driven by Corrware software program (Scribner). A Shimadzu UV-1201S UV/VIS spectrometer was also employed.
Cells and electrodes
Three-compartment cells, in which the reference electrodes were separated from the working and counter electrode compartment by a Luggin capillary, were employed for the electrochemical studies. Large surface area Pt gauzes served as counter electrodes and a mercury-mercury sulfate (MSE) electrode was used as reference electrode. The working and counter electrodes were well separated by about 2.5 cm. All potentials in this study are reported with respect to standard hydrogen electrode (RHE), the potential of the MSE being 0.68 V vs RHE [11] .
The catalyst powders were formed into electrodes by sonicating 13 mg of the carbon supported catalyst powders in 1 ml of H 2 O and 300 ll of Nafion â solution (5 wt %, Aldrich) for 15 min., that is, forming a catalyst ink. Subsequently, 10 ll of catalyst ink was applied to form a thin layer of about 0.5 cm 2 geometrical area on a gold foil (0.5 cm · 2c m· 0.1 cm, Goodfellow, 99.95% metal basis). The catalyst layer was then dried at 80°C in an air oven for 30 min. Electrical contact was made by firmly attaching a Au wire via a small hole to the Au foil. The following theoretical Pt + Ru mass (m Pt + Ru ) loadings per electrode were achieved in this manner: 24 lg for Pt/C, 23 lg for PtWO x /C, 33 lg for PtRu/C and 31 lg for PtRuWO x /C catalyst. In some cases, a polycrystalline Pt foil (0.1 mm thick, 99.99% metal basis, Alfa Aesar) was also employed as working electrode. The use of these thin layer electrodes prepared not involving higher temperature treatment and/or hot pressing minimizes changes in catalyst properties such as enhanced catalyst particle agglomeration (i.e., increase in particle size), surface segregation of Pt etc., and also ensures complete utilization of the catalyst particles for the CH 3 OH oxidation reaction.
Adsorbed CO (CO ads ) stripping voltammetry
CO was adsorbed onto the Pt based electrodes at 0.08 V by bubbling CO gas (Matheson purity, Matheson gas) through the 0.5 M H 2 SO 4 solution for 25 min. Solution CO was subsequently removed by bubbling Argon gas (high purity, Air products) for 35 min. holding the potential at 0.08 V. The potential was then cycled at 10 mV s )1 starting at 0.08 V for two complete oxidation and reduction cycles.
Electrode conditioning prior to CO ads and CH 3 OH oxidation studies
In this work the catalyst electrodes were conditioned for 30 complete oxidation/reduction cycles at 100 mV s )1 between 0 and 0.9 V in 0.5 M H 2 SO 4 before any electrochemical oxidation studies, such as CO ads and CH 3 OH oxidation were carried out. The CV characteristics (change in charge reflecting the Ru electrochemistry) suggested that only a small amount of Ru ($4%) was lost from the PtRu/C and PtRuWO x /C catalysts as a result of the conditioning process.
Solutions and chemicals
All chemicals used in this work were A.C.S. grade along with high resistivity 18 MW H 2 O. Methanol oxidation studies were carried out in deoxygenated 0.5 M H 2 SO 4 +1 M CH 3 OH solutions at 60°C, while all other electrochemical experiments were carried out at room temperature. The volume of the solution placed in the working electrode compartment was about 50 ml. Table 1 summarizes the theoretical and experimental atomic ratios of the carbon supported Pt based catalysts made and studied in this work. The experimental bulk atomic ratios were estimated from UV/VIS spectra obtained for the washing solutions of the catalysts, as described in the experimental section, while the theoretical bulk atomic ratios were calculated from the amounts of precursor salts used to prepare a particular catalyst. The theoretical and experimental bulk atomic ratios of Pt and Ru are the same, as neither the loss of Pt nor Ru was detected by UV/VIS spectroscopy. However, the UV/VIS spectroscopic studies showed that a considerable amount of tungsten (about 33 and 50% for the PtWO x /C and PtRuWO x /C catalyst, respectively) is lost as a result of the washing procedure. The loss of the tungsten component is believed to be due to dissolution of WO x rather than due to unreacted (NH 4 Catalysts of Pt and Ru loadings of 32 and 16 wt % per carbon, respectively, were prepared. * All atomic ratios are calculated using the sum of the non-carbon catalyst components (i.e., Pt, Ru and WO x ). For this calculation, the W component is assumed to be mainly in the (+VI) state (i.e., as WO 3 ) as supported by XPS studies. Theoretical bulk atomic ratios are calculated from the amount of precursor salts used for the preparation of a particular catalyst. à Experimental bulk atomic ratios are obtained involving UV/VIS spectroscopic analysis of the washing solution of the catalysts, as described in the experimental section.
Results and discussion
Theoretical and experimental atomic ratios of the carbon supported catalysts
§ Atomic surface ratios are obtained from XPS studies of the as prepared catalyst powders.
suggest a higher Ru surface concentration in comparison to the bulk, that is, there is a surface enrichment of Ru for both the PtRu/C and PtRuWO x /C catalyst powders. The Ru surface enrichment is seen to be significant, as the Ru surface atomic ratio is about 2.8 and 2.5 times higher than the bulk atomic ratio for the PtRu/C and PtRuWO x /C catalyst, respectively. This surface enrichment of Ru may be caused by differences in the reaction rates of the individual precursor salts with the NaBH 4 solution, as in fact the reduction reaction of the Pt precursor is more rapid than the reduction reaction of the Ru precursor [12] . It should be noted that the Pt:WO x ratio used here is equivalent to the ratio of the PtWO x /C catalyst reported to be most active for the CH 3 OH oxidation reaction by Shukla et al. [8] . The surface enrichment Ru suggests the catalyst particles to be nonuniform. Therefore, the surface ratios determined here by XPS analyses may not be accurate. The following sensitivity factors were used to calculate the atomic XPS ratios: 5.575 for Pt, 2.043 for Ru and 3.523 for W and mean free path values of 1.684 nm for Pt (4f), 1.536 nm for Ru (3p) and 1.757 nm for W (4f) were obtained using the electron effective attenuation length database version 1.0 from NIST.
TEM characterization
Figures 1 and 2 show TEM images for the carbon supported catalysts prepared and studied in this work. Figure 1 shows a typical TEM image for the PtRuWO x /C catalyst. At 50 k magnification, features of the carbon black powder are observed showing that agglomerates in the lm scale range are formed. The actual catalyst particles are recognizable in the higher magnification (400 k) images shown in Figure 2 (a) to (d) for the four carbon supported catalyst powders. The higher resolution images show the catalyst particles to be in good physical, and hence, electrical contact with the carbon black support. The catalyst particles are seen to be in the nanoscale range. Their size depends on the catalyst composition and decreases in the following order: PtWO x /C (6-15 nm) % Pt/C (6-25 nm) > PtRu/C (2.5-5 nm). The particle size estimation for the PtRu-WO x /C catalyst from the TEM images is difficult, due to a large degree of particle agglomeration. The 'agglomerated' particles of the PtRuWO x /C catalyst appear to form a network of loosely attached catalyst particles. A few, individual small catalyst particles in the size range similar to the PtRu/C catalyst (i.e., 2.5-5 nm) are observed for the PtRuWO x /C catalyst. The TEM results suggest that the addition of Ru reduces the catalyst particle size (PtRu/C < Pt/C and PtWO x /C), an influence that has been previously observed for carbon supported PtRu vs carbon supported Pt catalyst systems [13] . These influences on the catalyst particle size are expected to be beneficial in the case of the Ru addition, as the surface area per mass of catalyst increases upon Ru addition. It should be noted that a certain degree of particle agglomeration is observed for all catalysts. This results in an undesired decrease in the catalyst surface area available for the CH 3 OH oxidation reaction. Furthermore, additional TEM images showed that catalyst coverage on the carbon black support to be nonuniform, that is, a significant number of carbon black particles were observed that were not covered with the actual catalyst particles. Figure 3 shows typical XRD spectra for the catalysts. The peak characteristics for the internal Si standard are clearly observed at 2h of 28.44 (111), 47.30 (220), 56.12 (311), 69.13 (400), 76.38 (331) degrees [14] . Furthermore, the small and broad diffraction peaks at 25.9°observed in all spectra are attributed to the (002) plane of the hexagonal structure for carbon black. The platinum diffraction peaks for the (111), (200) and (220) phases are observed in the spectra of all catalysts. Diffraction peaks arising from crystalline tungsten oxide and Ru phases are not observed in the XRD spectra for any of these catalysts. The absence of diffraction peaks typical for 'crystalline' tungsten oxide could indicate that the WO x is present in an amorphous form, as has been reported for PtWO x /C catalysts prepared in the same manner as in this work [8] . The lack of the observation of Ru diffraction peaks can be partly assigned to the fact that some of the Ru is incorporated into the face centred cubic (f.c.c.) Pt lattice, as well as the fact that intensities of the Ru diffraction peaks are very weak. It is well known that incorporation of Ru into the f.c.c. Pt lattice lowers the lattice constant in a linear fashion, that is, following Vegard's law [15] . The lattice parameter constants estimated for the PtRu/C and PtRuWO x / C catalysts suggest that for both these catalyst powders, PtRu alloys of Pt to Ru atomic ratio of close to 0.75 to 0.25 are formed using the lattice parameter to PtRu ratio relationship estimated by Gasteiger et al. [16] . This atomic ratio estimated for the PtRu alloy phase indicates that not all of the Ru is incorporated into the f.c.c. Pt lattice, as this ratio is lower than the experimental bulk atomic Pt:Ru ratio (Table 1 ). This result suggests that a not alloyed Ru phase is present, which is often observed for supported PtRu catalysts. The high surface Ru concentration of the PtRu/C and PtRuWO x /C catalysts ( Table 1 ) may indicate that the not alloyed Ru is located at the surface of the catalyst particles. The Pt lattice parameter constants estimated for the Pt/C and PtWO x /C catalyst powders are very similar to the lattice parameter constant value for pure f.c.c. Pt [17] . This indicates that tungsten (oxide) is not incorporated into the Pt lattice. 
XRD characterization
(1) The average particle sizes for the Pt and PtRu alloy phases were also obtained using the Topas software program and the estimated values are listed in Table 2 . According to the XRD data, the average particle size of the Pt and PtRu alloy phases decreases in the following order: PtWO x /C % Pt/C > PtRuWO x /C % PtRuWO x / C. This average particle size estimation was carried out taking micro strain into consideration that was estimated to be relatively small, about 1%. These average particle sizes for the Pt and PtRu alloy phases are consistent with the particle size range observed for the Pt/C, PtWO x /C and PtRu/C catalysts by TEM.
The surface area (SA XRD ) of the Pt and PtRu alloy phases is roughly estimated, assuming homogeneously distributed and spherical particles, as follows:
In Equation 4, q p is the density of either the Pt or PtRu alloy particle and r is the particle radius. The latter being assumed to be equivalent to one half of the average Pt and PtRu particle size estimated from the XRD data. Furthermore, the q p values are calculated using the atomic percentages of Pt (at % Pt ) and Ru (at % Ru )a s well as the Pt (q Pt ) and Ru (q Ru ) densities of 21.4 and 12.2 g cm )3 [17] , respectively, as follows:
The SA XRD data shown in Table 2 are seen to be essentially the same for the Pt/C and PtWO x /C catalysts and very similar for the PtRu/C and PtRuWO x /C catalysts. These data will be compared to electroactive Pt + Ru surface areas estimated later in this work. It should again be noted that the calculation of these SA XRD values is a rough estimation. Furthermore, the XRD data suggest the average Pt particles size for the Pt/C and PtWO x /C catalysts prepared in this work to be larger than for the catalysts prepared by Shukla et al. [8] , who reported average Pt particle sizes of 6 and 6.7 nm for the as prepared Pt/C and PtWO x /C catalysts, respectively. These differences likely indicate some variations in the catalyst preparation procedures such as the rate of NaBH 4 addition [12] that influence particle size and surface concentrations. Figure 4 (a)-(c) shows the XPS spectra for the Pt 4f, Ru 3p and W 4f core level regions collected for the PtRuWO x /C catalyst. The C 1s XPS peak (that results mainly from the carbon black support) superimposes with the intensive Ru 3d XPS peak. Therefore, both the less intensive, but single Ru 3p, as well as the Ru 3d XPS spectra are used to characterize the Ru component of the carbon supported catalysts studied here. Deconvolution of the C 1s spectra showed the majority of the carbon to be present in a peak located at 284.4 eV. The metallic Au 4f peak (84 eV) was used to estimate the C 1s binding energy. The position of the C 1s peak, that is, 284.4 eV was used to correct the binding energies for all catalysts for the small but observed charging effects. The spectra were deconvoluted using the peak half widths and area ratios for the spin orbit splitting peaks described in the literature [18] [19] [20] [21] . The O 1s spectra of the different catalysts and the blank (untreated and catalyst free) carbon black support was also analysed suggesting the presence of AC@O groups (peak at 532.1 ± 0.15 eV) [18] and higher oxidized groups (538.6 ± 0.1 eV) on the carbon support. In the case of the Ru containing catalysts, an O 1s peak located at 529.9 ± 0.1 eV was also observed, which may suggest the presence of RuO 2 [19] ; for the W containing catalysts, an O 1s peak at 530.7 eV was found that may suggest the presence of WO 3 [19, 20] . The presence of both RuO 2 and WO 3 in the corresponding catalysts was confirmed by the Ru 3p, Ru 3d and W 4f spectra, respectively, discussed below. Table 3 summarizes the XPS results obtained by deconvoluting the Pt, Ru and W XPS spectra for all four carbon supported catalysts studied in this work. The deconvolution of the Pt 4f XPS spectra for all catalysts also suggests the presence of small amounts of possibly PtCl 2 in the presence of a Pt 4f 7/2 peak located at 73.2 eV. This peak may reflect the fact that the Pt- (Pt+Ru) ) calculated from the CO stripping charge Q COads using a charge to Pt + Ru surface area conversion factor of 420 lCc m )2 , as discussed in the text. Reproducibility of the CO adsorption method is within ±10%.
XPS characterization
chloride precursor salt is not completely reduced and trace amounts of chloride remain on the catalysts, as in fact small Cl peaks were observed in the survey spectra for all catalysts at about 198 eV. Table 3 shows that the XPS data suggest the surface Pt to be mainly present as Pt metal (about 70-80 at %), indicated in a Pt 4f 7/2 peak located at 71.2 ± 0.1 eV, and PtO (about 30-20 at %), indicated by a Pt 4f 7/2 peak located at 72.2 ± 0.1 eV. These results suggest that the majority of the Pt surface sites are present in easily reducible forms, as needed for CH 3 OH oxidation catalysts as shown in Reaction 1. The XPS results for the Ru 3p spectra (Table 3 and Figure 4(b) ) suggest that the Ru surface species consist of a mainly (about 80 at %) Ru component in a lower oxidation state, viewed as an intermediate between Ru metal and Ru(þIV)-oxide, as similarly reported by Arico et al. [18] . The position of this XPS Ru 3p 3/2 peak component is located at 462.8 eV. The XPS data also suggest the presence of a small (about 20% of the surface Ru) amount of RuO 2 in a Ru 3p 3/2 peak located at 466.5 eV for the two Ru containing catalysts [19] . The Ru 3d XPS spectra confirmed the presence of both the lower Ru component (intermediate between Ru metal and Ru(þIV)-oxide) and RuO 2 in 3d 5/2 peaks located at about 280.3 and 281.4 eV, respectively [19] . Furthermore, the XPS data suggest the amount and type of surface Ru to be the same for the PtRu/C and PtRuWO x /C catalyst. The W 4f XPS spectrum for the PtWO x /C catalyst indicates the presence of WO 3 in a peak at 35.5 eV (for W 4f 7/2 ), while the W 4f spectrum for the PtRuWO x /C catalysts suggests the presence of mainly (about 80 at %) WO 3 and a more reduced (about 20 at %) W(þV)-oxide in the presence of W 4f 7/2 peaks at 35.4 and 34.6 eV, respectively [19, 20] . These XPS results suggest that the tungsten is present in the form of a mixed (þV) and (þVI) tungsten oxide, and hence, is referred to as WO x (value of x between 2.5 and 3).
Overall, it can be said that the XRD and XPS results suggest that the WO x does not influence the electronic (chemical) properties of the Pt, Ru and/or PtRu components of the catalysts prepared in this work that use single metal precursor salts for the catalyst synthesis. This is consistent with extended X-ray absorption fine structure (EXAFS) studies carried out for catalysts systems prepared using single metal salt precursors and bimetallic precursor salts [22] . Pt-W interactions were only observed for the catalysts prepared using the bimetallic precursor salt. Furthermore, the XRD data suggest that the average Pt and PtRu particle size, that is, the average particle size of key catalyst components, are not influenced by the addition of tungsten. The real surface area as well as accessibility of the fuel to the active sites, however, may be influenced by the tungsten addition, as partly indicated by the TEM studies and further discussed below using CO ads studies.
CO ads stripping voltammetry
Prior to the electrochemical CH 3 OH oxidation studies, the catalysts and a polycrystalline Pt foil were characterized using CO ads stripping voltammetry shown in Figures 5 and 6 . In these figures, the thick line shows the CO ads stripping voltammogram, that is, the first cycle recorded after the adsorption of CO, while the thin line shows the second cycle that is equivalent to the background CV of the catalyst under study. The background CVs for the Pt foil, Pt/C and PtWO x /C catalyst electrodes (Figure 5(a)-(c) regions. The XPS spectra were obtained for the as prepared PtRuWO x /C catalyst. The dotted points represent the experimental data. Thin lines show the deconvolution results; the individual peaks obtained using computer fitting of the experimental data and the thick line shows the complete curve fit (i.e., the sum of the deconvoluted curves). The C 1s peak (284.4 eV) was used to correct all XPS spectra. The metallic Au 4f peak (84 eV) was used to estimate the C 1s binding energy.
observed [23] . The background CV characteristics for the PtRu/C and PtRuWO x /C catalysts are dominated by the redox characteristics typical for Ru that overlay with the H ads/des Pt CV characteristics shown in Figure 6(a) and (b) , consistent with previous studies [4] . The CO ads stripping voltammograms observed for the Pt foil, Pt/C and PtWO x /C catalyst electrodes (Figure 5(a)-(c) ) generally show a small prewave between about 0.2-0.6 V and the main CO ads stripping peak(s) at higher potentials. The prewave is likely due to the oxidation of weakly adsorbed CO, while the more positive stripping peak reflects the presence of strongly adsorbed CO [24] . Prewaves have been previously observed for polycrystalline Pt electrodes and are known to depend on the potential employed to adsorb CO. In some cases, seen here for the Pt and PtWO x /C catalysts, the main stripping peak is split into more than two peaks. This has also been observed in previous work and could indicate the presence of different surface states of the catalysts [26] . In fact, up to three CO ads stripping peaks are observed for Pt catalysts in the nanoscale range, a behaviour, which has been assigned to different facets of nanosized vs bulk Pt [27] . It is also seen that the oxidation of the adsorbed CO takes place at lower potentials for the Ru containing catalysts consistent with literature data indicating the capability of Ru containing Pt based catalysts to oxidize adsorbed CO at lower potentials.
For a 1 cm 2 geometrical area polycrystalline Pt foil electrode, hydrogen desorption charge (Q Hdes ) and CO ads stripping charge (Q COads ) values of 194 and 391 lC, respectively, were found. These Q Hdes and Q COads values suggest Pt areas of 0.9 cm 2 and 0.93 cm 2 , respectively using charge to area conversion factors of 210 lCc m )2 for the one electron H des reaction and 420 lCc m )2 for the two electron CO ads to CO 2 oxidation reaction. The fact that very similar Pt areas are obtained using the experimentally observed H des and CO ads charge values suggests that close to one monolayer of CO is adsorbed under the experimental conditions used here. The CO ads charge can also yield a measurement for the electroactive Pt + Ru area [26] . It is known that CO adsorbs on Pt and metallic Ru sites [26] , while its adsorptive interactions with oxide covered surfaces such as WO x are generally small. Therefore, the Q COads values yield measurements of the Pt area for the Pt/C and PtWO x /C catalysts, while the Q COads values yield estimates of the Pt + Ru surface area for the PtRu/C and PtRuWO x /C catalysts. It should be noted that the contribution of Ru to the CO ads surface area measurements arises from Ru sites that are in the reduced form at the potential where CO is adsorbed [27] . The position of the CO ads stripping peak for the PtRu/C and PtRuWO x /C catalysts is somewhat lower than for the corresponding bulk PtRu alloy catalysts [25] . This difference is believed to be related to the fact that in this work catalyst particles in the nanoscale range are used. Furthermore, the unalloyed Ru phase could also distort the CO ads stripping voltammogram characteristics. Table 2 summarizes the noble metal surface areas (SA (Pt + Ru) ) obtained from the experimentally observed CO ads charges, that is, using a charge to area conversion factor of 420 lCc m )2 . The CO ads method suggests an increase in the Pt + Ru electroactive surface areas in the following order: PtWO x /C % Pt/C < PtRu/ C < PtRuWO x /C. In fact, the CO ads and the area estimation using the average Pt and PtRu alloy particle size obtained from the XRD data are very similar for the Pt/C and PtWO x /C catalysts. However, the Pt + Ru surface areas estimated using the CO ads method are Note: The C 1s peak (284.4 eV) was used to correct for possible charging effects. The metallic Au 4f peak (84 eV) was used to calibrate the C 1s peak. * Atomic surface concentration (at %) of the components of a particular element estimated from the ratio of the area of the deconvoluted peaks of the XPS spectra of the element of interest.
significantly smaller (about 50%) than the surface area estimated using the average particle size. This difference may be explained by the presence of, for example, WO x and RuO 2 species on the catalyst particle surface that are thought to be inactive towards the adsorption reaction of CO and may block access of CO to the PtRu alloy surface sites. Furthermore, surface area values calculated using the average Pt and PtRu alloy particle sizes, that is, the SA XRD values, need to be used with caution as they are likely to have a very significant error.
CH 3 OH oxidation studies
In this Section, the CH 3 OH oxidation activities for the powder catalyst electrodes was determined from slow sweep CVs and potential-time transients recorded at constant current densities. All CH 3 OH oxidation experiments were carried out at 60°C using 1 M CH 3 OH + 0.5 M H 2 SO 4 solutions. First, slow sweep CV data obtained between 0.07 and 0.9 V at 1 mV s
are discussed. The CV studies were carried out using a series of repetitive experiments as follows: First, three complete oxidation/reduction cycles at 10 mV s )1 were recorded, followed by two complete cycles at 1 mV s )1 . This 'cycling procedure' was repeated a total of three times. Steady-state CV curves were obtained for both the first and second cycle recorded at 1 mV s )1 and the CV data were essentially the same for all three experiments. The monitored currents were normalized for the noble metal mass, m Pt + Ru , and the SA (Pt + Ru) values, and are hence referred to as j mass(Pt + Ru) and j SA(Pt + Ru) , respectively. Figure 7 shows the CH 3 OH oxidation data for the Pt/C and PtWO x /C catalysts, while Figure 8 curves. For both sets of catalysts, Pt/C vs PtWO x /C and PtRu/C vs PtRuWO x /C, the WO x containing catalyst appear to yield slightly higher mass normalized currents. However, the shape and onset oxidation potential for a particular set of catalysts, Pt/C vs PtWO x /C and PtRu/ C vs PtRuWO x /C, are essentially the same. In fact, the dynamic Tafel slope values estimated from these slow sweep CVs are essentially the same for a particular set of catalysts, about 60 mV per current decade for Pt/C and PtWO x /C and about 90 mV per current decade for PtRu/C and PtRuWO x /C catalysts. These results suggest that the WO x component of the catalysts studied here does not exhibit a true catalytic effect (e.g., a bifunctional influence) towards the CH 3 OH oxidation reaction. In fact, normalizing the monitored current by the electro-active surface area of Pt + Ru for the PtRu/ C and PtRuWO x /C catalysts (i.e., j SA(Pt + Ru) vs E curves shown in Figure 8(b) ) results in essentially identical curves. This clearly indicates that the small improved performance per Pt + Ru weight for the PtRuWO x /C vs the PtRu/C catalyst is not due to a true catalytic effect of WO x towards the CH 3 OH oxidation reaction. The surface area normalized CV curves for the Pt/C and PtWO x /C catalysts ( Figure 7(b) ) suggest a somewhat improved performance (about 30% higher mass normalized currents) for the PtWO x /C than the Pt/ C catalyst. However, it should be noted that the value of this small increase is close to the error (of ±10% per catalyst) of the Pt surface area estimated using the CO adsorption method. Figure 9 (a) and (b) show the potential-time (E/t) transients as a function of the current normalized by the noble metal mass (j mass(Pt + Ru) ) and the Pt + Ru area (j SA(Pt + Ru) ), respectively. The E values were recorded after 5 min at a constant current value for the four catalysts studied in this work. Pseudo steady-state E/t transients were obtained within the first seconds at a particular current value. The potential values obtained in this manner are estimated with AE15% error. The applied current values were maintained small (0.05-6.5 mA) to avoid large amounts of H 2 formation at the cathode that may depolarize the anode potential. It is seen that the CH 3 OH oxidation activity for particular j mass(Pt + Ru) and j SA(Pt + Ru) values increases in the order: Pt/ C < PtWO x /C < PtRu/C < PtRuWO x /C over a broad potential range. In fact, almost constant potential differences are observed between the different catalysts for the tested range of j mass(Pt + Ru) values, for example, PtRu/C $0.05 V, PtWO x /C $0.155 V and Pt/C $0.18 V more positive than PtRuWO x /C. The potential differ- ences obtained at a particular j SA(Pt + Ru) value show a similar trend, namely, PtRu/C $0.03 V, PtWO x /C $0.125 V and Pt/C $0.14 V more positive than PtRu-WO x /C. The potential differences observed for the surface area normalized curves, that is, the E against j SA(Pt + Ru) graphs, are less pronounced for a particular set of catalysts, namely 0.015 V for the Pt/C vs the PtWO x /C catalysts and 0.03 V for the PtRu/C vs PtRuWO x /C catalysts than found for the mass normalized curves, consistent with the CV results. The error in these potential difference measurements that result from errors in the potential measurement and errors in the electroactive Pt + Ru surface area estimations are relatively high, that is, close to the small potential differences observed for a particular set of catalysts. Therefore, the experimental E/j SA(Pt + Ru) and E/ j mass(Pt + Ru) curves probably indicate that the WO x components of the catalysts studied here do not exhibit a true catalytic effect, consistent with the CV data. However, in the case of PtRu/C and PtRuWO x /C catalysts, the WO x component appears to have a beneficial influence on the PtRu surface area accessible for CH 3 OH.
It should be noted that the potential differences for the mass normalized current curves for the Pt/C and PtWO x /C catalysts observed here ($0.025 V) are significantly smaller than the potential differences of 0.15 V reported by Shukla et al. [8] . They, however, obtained this 0.15 V difference by extrapolating their data to a high current load of 0.8 A cm )2 geometrical area (equivalent to applied current load of 0.64 A per mg Pt) and high anode potentials of about 0.75 and 0.9 V. Estimation of the potential difference for their Pt/C and PtWO x /C catalysts (for which they reported different Tafel slope values) in the similar current per Pt mass density range studied here shows that their difference is of a similar order of magnitude as observed here (e.g., at 0.15 A per mg Pt the data reported by Shukla et al. indicate a 0.03 V difference for the Pt/C vs the PtWO x /C catalysts). However, the experimentally monitored potential values at a particular constant current per Pt weight value are significantly higher (almost 0.15 V) for the Pt/C and PtWO x /C catalysts studied in this work as compared to the data reported by Shukla et al. [8] . This difference likely indicates that Shukla et al. [8] prepared catalysts of higher surface area to Pt mass catalysts ratios than done in this work, consistent with their and our particle size estimation. It is also noteworthy that the j mass(Pt + Ru) values found in this work for the PtRu/ C catalysts are smaller (by about two times) than for more optimized (i.e., smaller PtRu nanoparticles) while they compare to other data obtained for larger PtRu particles [28] . This shows the strong influence of the particle size on the j mass(Pt + Ru) values.
Summary and conclusions
High surface area Pt/C, PtWO x /C, PtRu/C and PtRu-WO x /C catalysts have been prepared using a simple impregnation and subsequent chemical reduction route commonly used for the preparation of fuel cell catalysts. XPS studies indicated that the tungsten oxide of the 'asprepared' catalysts is present in the VI+o rV+ oxidation state, that is, with an x value varying between 2.5 and 3.
No evidence was found that the tungsten influences the electronic properties of the Pt and Ru catalyst components. XRD studies showed Ru to be partly incorporated into the fcc Pt lattice forming a PtRu alloy of Pt:Ru atomic ratios of about 0.75:0.25 independent of the presence of WO x . The addition of Ru was clearly seen to decrease the average catalyst particle size, consistent with a higher electroactive Pt + Ru surface areas estimated from CO ads stripping voltammetric charges. In the case of the Ru containing catalysts, the addition of the WO x component appears to result in a porous network of agglomeration, however only loosely attached catalyst particles. Pt + Ru surface area values estimated using the CO ads method suggest that the electroactive Pt + Ru surface area for the PtRuWO x /C catalyst to be somewhat ($25%) larger than for the PtRu/C catalyst. CH 3 OH oxidation activities were obtained from slow sweep CV experiments as well as potential-time transients obtained at constant currents for all four catalysts. The electrodes consisted of thin catalyst layers that were prepared at low temperature and the preparation method avoided the use of a hot press, thus minimizing alterations of catalyst properties. The experimentally obtained CH 3 OH oxidation activities per Pt + Ru weight indicated some differences, while the CH 3 OH oxidation activities per Pt + Ru surface area were very similar for a particular set of catalysts, that is, Pt/C vs PtWO x /C and PtRu/C vs PtRuWO x /C. The latter suggests that WO x does not exhibit a true catalytic activity for the CH 3 OH oxidation reaction for the catalysts studied in this work. This is consistent with the i/V shape (dynamic Tafel slopes) and CH 3 OH onset potential obtained from the slow sweep CV studies that were essentially identical for the Pt/C vs PtWO x /C and PtRu/C vs the PtRuWO x /C catalysts. Therefore, observed differences in CH 3 OH oxidation activities per Pt + Ru weight are assigned to 'physical' changes in catalyst properties such as electroactive Pt + Ru surface area.
It should be emphasized that CV studies do not provide ultimate information of catalyst performance under real fuel cell operating conditions. However, CV studies yield measurements about the activity, as well as the chemistry, of the process/catalysts under study. In the case for CH 3 OH oxidation catalysts, they provide an essential understanding of the true catalytic activity of the anode catalyst tested.
